The effect of breathing high partial pressures of oxygen on intracranial pressure (ICP) was assessed in 10 anesthetized, ventilated dogs in which ICP had been increased by slow inflation of extradural balloons. Cerebrovascular responsiveness was tested by the addition of carbon dioxide (COz) to the inspired gases. Inhalation of 100% oxygen reduced ICP by 23% when delivered at normal atmospheric pressure (arterial pO2, 585 mm Hg) and by 37% when delivered at 2 atmospheres absolute (ATA) in a hyperbaric chamber (arterial pOz, 1076 mm Hg). This reduction in ICP, which was present only during oxygen administration, was not associated with any change in arterial blood pressure or pCO2. Hyperbaric oxygen (OHP) reduced ICP only at the stage when the cerebral circulation was still responsive to CO 2, as manifested by a rise in ICP; at high levels of ICP, responsiveness to both CO2 and OHP was lost. When the ipsilateral pupil became dilated following balloon inflation, a reduction in size was observed during administration of OHP in 11 out of 13 instances. During the responsive phase, when OHP reduced ICP, cerebral venous PO2 which was 41.7 --+ 2.3 mm Hg (S.E.M.) on air breathing was modestly increased by OHP to 58.3 _+ 2.5 mm Hg; when ICP no longer responded to OHP, cerebral venous POz was higher, on both air breathing (52.0 -----4.1 mm Hg) and OHP (161.4 _+ 14.7 mmHg).
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I
N THE clinical management of patients with head injuries or with intracranial space-occupying lesions the neurosurgeon is frequently faced with the problem of attempting to interrupt a vicious circle, stemming from brain swelling causing raised intracranial pressure leading to cerebral hypoxia and so to further brain swelling. In this situation surgical measures may often be inappropriate or of no avail, and the neurosurgeon must turn to non-surgical therapy.
At the present time these therapeutic measures are of three types: intravenous infusion of hypertonic solutions, such as Mannitol; administration of glucocorticoids, such as dexamethasone; and passive hyperventilation by means of a mechanical respirator. All of these measures have been tried and tested; all have advantages and disadvantages, and although no single measure is ideal they now form an indispensable part of the neurosurgeon's armamentarium. Recent experimental work1,3,15,16 has shown that hyperbaric oxygen (OHP, or "oxygen at high pressure") will reduce the mortality in animals with cerebral edema and compression. These studies have been concerned only with pathological changes and mortality rates, but suggest that OHP may find a place as a further nonoperative therapeutic measure in the management of patients with brain swelling and increased intracranial pressure(ICP).
The present study was established to investigate the physiological mechanisms involved in the action of OHP in states of increased ICP, artificially induced in experimental animals.
Materials and Methods
Unselected mongrel dogs, weighing between 10 and 30 kg, were anesthetized by intravenous injection of sodium thiopentone (20 mg/kg), intubated, and subjected to intermittent positive-pressure ventilation by use of a modified Starling pump, the stroke volume of which could be adjusted to maintain a constant arterial carbon dioxide tension (pCO_0. Suxamethonium was administered in aliquots of 25 mg by intramuscular injection, and trichlorethylene (0.7% to 1.1% ) was used to maintain anesthesia; this was carried in a mixture of oxygen and nitrogen, or in pure oxygen.
The end-expiratory carbon dioxide concentration was continuously monitored using an infrared analyzer (Hartmann & Braun: URAS 4), which also permitted the measurement of inspired carbon dioxide concentration when carbon dioxide was added to the inspired gas mixture. The inspiratory oxygen concentration was intermittently measured with a paramagnetic oxygen analyzer (Servomex DCL 101) which enabled the proportion of oxygen to nitrogen in the inspired gas mixture to be adjusted to correspond exactly with air at normal atmospheric pressure.
In nine dogs, the experiments were carried out in the laboratory at normal atmospheric pressure (1 ATA), and in seven dogs the experiments were carried out in a walk-in hyperbaric chamber at an ambient pressure of 2 atmospheres absolute (2 ATA -----15 psig). The percentage of oxygen required to yield an air-equivalent mixture in the inspired gasses was 21% at 1 ATA and 10.5% at 2 ATA. To administer 100% oxygen, the nitrogen supply was replaced by oxygen; this increased the arterial oxygen tension (pO2) from about 100 mm Hg on air breathing to about 600 mm Hg at 1 ATA, and to over 1000 mm Hg at 2 ATA, increasing the dissolved oxygen content of arterial blood from 0.3 to 1.5 and 3.0 ml/100 ml respectively.
Polythene cannulas (Portex FG6) were inserted into the aorta and inferior vena cava from the femoral artery and vein. Arterial and central venous pressures were continuously monitored using pressure transducers (Elema Sch6nander EMT 34) and recorded on a multichannel ink-jet chart recorder (E1-ema SchSnander Mingograf 81 ).
Arterial blood was withdrawn at intervals into heparinized syringes and analyzed immediately for pH, pCO2, and pO2 using direct reading electrodes (Radiometer E5021, E5034, E5046). Rectal temperature was recorded throughout and corrections made to the blood gas values for any difference in temperature between the dog and the electrode system using the Radiometer Blood Gas Calculator. 1~ In the experiments carried out in a hyperbaric milieu, blood gas analysis and all pressure measurements were performed within the pressure chamber after all instruments had been recalibrated to allow for the increase in ambient pressure.
The temporal muscles were stripped from the calvarium, and 1 cm trephine holes made over each parietal eminence and in the mid-!ine over the sagittal sinus. A small rubber balloon was inserted into the right frontal extradural space from the right parietal trephine opening, which was then sealed with acrylic cement. A perspex adaptor was cemented into the left parietal opening and filled with saline, then connected by manometer tube to a pressure transducer and the chart recorder. The ICP was thus recorded from the extradural space after initial calibration from a direct measurement of ICP from a needle placed temporarily in the cisterna magna.
The sagittal trephine opening was enlarged in an anteroposterior direction, diploic venous channels sealed with bone wax, and the sagittal sinus cannulated with a fine polythene cannula (Portex FG3) which was passed posteriorly to enter the bony part of the sinus. Cerebral venous blood was withdrawn slowly for immediate measurement of pO2.
Intermittent injections of saline were made into the frontal balloon at a constant rate of 0.25 ml/min, but varying in volume from 1.0 ml at the start of the experiment to decreasing amounts as dictated by the levels of ICP. This first stage was carried out while the dog breathed air-equivalent; when a steady level of increased ICP had been obtained, the inspired gas mixture was changed to 100% oxygen. Because it was difficult to maintain a steady level of increased ICP for longer than 20 to 30 min periods of oxygen administration were limited to 10 to 20 min. The ICP and arterial blood pressure were measured continuously for 10 rain before, during, and 5 min after the administration of 100% oxygen; this sequence is hereafter referred to as a "run." Measurements of arterial pH, pCO, and pO~, cerebral venous pO2 and pupillary size (under constant illumination) were made when the dogs breathed air-equivalent and when they breathed 100% oxygen. At intervals during the hyperbaric experiments, 5% carbon dioxide was added to the inspired gas mixture; this was to test cerebrovascular reactivity, the normal response being a rise in ICP due to cerebral vasodilatation consequent on the elevation of arterial pCO2. 14 The results are expressed throughout as the arithmetic mean and one standard error of the mean.
Results
Inflation of the extradural balloon by intermittent saline injection produced a steep rise of ICP during the injection, with successive injections tending to produce a greater increase in ICP per unit volume injected; as soon as the injection ceased, ICP fell, rapidly at first, but more slowly as the volume of the balloon was increased by successive injections. Despite a standardized technique of injection, some animals never attained a steadily raised ICP for sufficiently long to permit a valid assessment of the effect of oxygen on increased ICP. Stable preparations suitable for such assessment were obtained in only five out of the nine dogs studied at 1 ATA, and in five out of the seven studied at 2 ATA. Subsequent data, therefore, refer to these 10 animals, and even in these there was a tendency for ICP to fall during the period of observation, so that it was necessary to compare the level of ICP obtained on oxygen breathing with the levels on air breathing both before and after oxygen breathing, to determine whether a fall in ICP was due to the oxygen or merely reflected the slow fall of ICP following injection into the balloon.
In all animals studied, a point was eventually reached where the injection of as little as 0.1 ml into the balloon produced a sudden steep rise of ICP to levels around 1000 mm H20 (75 mm Hg), usually accompanied by a parallel increase in systemic arterial blood pressure. This stage was reached in different animals at widely varying balloon volumes (from 4 to 12 ml).
Experiments at I A TA lntracranial Pressure. Data were available from 10 runs carried out in five dogs ( Table  1 ). The administration of 100% oxygen at 1 ATA for periods of 15 min caused a fivefold rise in arterial pO2 and a 23% reduction in the mean ICP. The response varied greatly in individual animals, however, so that the over-all pressure reduction did not reach statistical significance. There was no significant difference between the levels of arterial pC O2 or blood pressure when the dogs breathed air and when they breathed oxygen.
Experiments at 2 A TA
Description of a Single Experiment. The effects of OHP at 2 ATA on increased ICP are best described by considering the course of a single experiment (Fig. 1) . With injection of the first 2 ml into the balloon, ICP rose only moderately and fell rapidly as soon as injection ceased; with the third 1 ml injection there was a sharp increase to almost 40 mm Hg (520 mm H20). When carbon dioxide was added to the inspired gases at this stage, ICP rose rapidly from 30 to almost 60 mm Hg (390 to 780 mm H20). After a period of 15 min, during which ICP remained constant, the air equivalent mixture was changed to 100% oxygen, which at an ambient pressure of 2 ATA caused the arterial pO~ to rise from 123 mm Hg to 1100 mm Hg; ICP dropped rapidly from 520 to 160 mm H~O. On resumption of air breathing ICP increased once more, and equally rapidly, to 450 mm H oO. This reduction of ICP was not accompanied by any marked change in arterial pCO2 or blood pressure. The Effect of 100~oO2 at 2ATA on Increased Intracranial Pressure In the reactive stage, between 1 and 6 hours, ICP rises with carbon dioxide and falls with O H P in two runs; four more successful runs were possible during the period from 3 to 6 hours (not shown). Once ICP has risen sharply into the arterial pressure range, and the Cushing response has occurred, carbon dioxide and OHP both fail to influence ICP, which now varies passively with the blood pressure, shown by the sharp rise of both pressures following injection of noradrenaline.
Fro. 2. Effect of carbon dioxide on intracranial pressure. The increase produced by a 5-min period of inhalation of 5% carbon dioxide is shown.
same effect was noted in this dog 1 hour later, and on four further runs not shown in the illustration.
After 6 hours, when the balloon volume was 7.5 ml, a further injection of 0. Thereafter, inhalation of carbon dioxide failed to increase ICP, and O H P failed to reduce ICP. At this stage, only changes in systemic arterial blood pressure appeared to influence ICP, which now changed in an entirely passive way with alterations of blood pressure; this was demonstrated at the end of this experiment by the intravenous injection of noradrenaline, which caused both blood pressure and ICP to rise sharply in parallel until both went off the scale of the chart recorder. When I C P was totally unresponsive to both carbon dioxide and OHP, both pupils were widely and symmetrically dilated.
Fro. 3. Effect of 100% oxygen at 2 ATA absolute on increased intracranial pressure. The reductions in pressure produced by 10-or 15-rain periods of hyperbaric oxygen are compared with the pressure levels on air breathing before and 10 rain after.
lntracranial Pressure. Twenty runs were carried out in five dogs in the hyperbaric chamber to show the effect of O H P at 2 A T A on ICP at the stage when I C P was increased by the administration of carbon dioxide. The results of carbon dioxide inhalation are shown in Fig. 2 , and of O H P in Fig.  3 . O H P produced a rapid and substantial fall in ICP, with an equally rapid rise on returning to air breathing. Mean data are given in Table 2 . There was a tenfold rise in arterial pO..,, and a 37% reduction of ICP, which was significant at the 0.1% level. This was accomplished with no significant change in arterial pCOz or blood pressure.
When the response to carbon dioxide had been lost in each of the five dogs (Fig. 4) , O H P failed to reduce I C P (Fig. 5 , and Table 3).
Observations on Pupillary Size. During inflation of the balloon, as its volume increased the ipsilateral pupil became moder- ately dilated. At this stage, the administration of carbon dioxide caused a further increase in ICP, and on several occasions increased dilatation of the pupil, which diminished with the ICP when the carbon dioxide was discontinued. At a later stage, as the response to carbon dioxide was lost, the contralateral pupil enlarged until finally both pupils were widely dilated. The response of the pupils to OHP is shown in Fig. 6 .
In seven runs both pupils were equal and normal in size, and remained so during both air and oxygen breathing. In 13 runs the ipsilateral pupil was dilated on air breathing; this was reduced in size by OHP in 11 runs, down to normal size in seven of the 11 runs. During the five final runs, when ICP was very high and failed to change with carbon dioxide and when both pupils were equally and widely dilated, no change in pupillary size was produced by OHP.
Cerebral Venous Oxygen Tension. In the 20 runs in which OHP reduced ICP, despite the fact that there was a tenfold rise in arterial pO2, cerebral venous pO2 increased by only 16 mm Hg on changing from air breathing to OHP. When ICP failed to respond to OHP, changing from air to OHP was associated with a significantly greater increase of cerebral venous pO2, of 109 mm Hg (Table 4) . 
Discussion

The Extradural Balloon
The sequence of events that accompanies the inflation of an extradural balloon in an experimental animal has been described by Langfitt and his colleagues. 11 Provided that inflation is not too rapid, only a moderate increase in ICP occurs at first, but as the caFro. 5. Loss of the effect of 100% oxygen at 2 ATA on intracranial pressure, following the loss of response to carbon dioxide. pacity for spatial compensation within the skull is lost by displacement of cerebrospinal fluid and venous blood, smaller increases in volume in the balloon result in progressively greater rises in ICP, until I C P ultimately reaches the level of arterial blood pressure. Even if the balloon is deflated at this point, I C P falls only temporarily, regaining its former level in minutes. At this stage, the normal rise in ICP produced by carbon dioxide is no longer observed, and it was therefore postulated that the cerebral vessels in these circumstances were already maximally dilated, and therefore unable to respond to carbon dioxide by further vasodilatation. This stage has been termed "cerebral vasomotor paralysis" by Langfitt, et al2 ,1~
lntracranial Pressure Changes
Carbon dioxide increases cerebral blood flow 7 and increases ICP. 14 The link between these two phenomena is the increase in cerebral vascular cross-sectional diameter, and hence blood volume, as the intracranial vessels dilate. 17 The rise in I C P occurs within 2 min of the administration of carbon dioxide; in the present experiments the reduction of I C P produced by O H P was equally rapid, and would support the hypothesis that ICP was reduced by cerebral vasoconstriction.
O H P at 3.5 A T A was shown to cause cerebal vasoconstriction in normal m a n by Lambertsen and his coworkers, 8 but since there was a fall in arterial pCO2 during O H P breathing in this study, the reduction in cerebral blood flow was ascribed to this. Jacobson, et al., ~ demonstrated that O H P at 2 A T A caused a 2 1 % reduction in cerebral cortical blood flow in normal anesthetized dogs, in which arterial pCO2 was held constant. Dispute continues, however, as to whether the O H P acts directly on cerebral resistance vessels, or through the mediation of changes of arterial or brain tissue pCO._,. It appeared from our results that the effect of O H P in reducing ICP was not mediated by changes in the arterial pCO,,, since this was deliberately held constant during air and oxygen breathing. The effect of O H P did, however, depend on the responsiveness of the cerebral vessels to carbon dioxide being retained, and the possibility that the effect of O H P is mediated by changes in brain tissue pCO2, rather than pO2, is not excluded.
The final stage, when ICP failed to increase with carbon dioxide or fall with OHP, was not reached in these experiments until high levels of ICP, between 60 and 100 m m Hg, had been attained. The ICP was at this stage about 20 m m Hg below the level of arterial blood pressure, not at the level of blood pressure as described by Langfitt, el al. Nevertheless, these observations are still consistent with their postulate that it is the mechanical state of m a x i m u m vasodilatation that prevents the cerebral vessels from responding to carbon dioxide. The autoregulatory mechanism to preserve constant cerebral blood flow in the presence of rising ICP fails when I C P comes within 40 m m Hg of the arterial blood pressure, is presumably when the cerebral vessels are fully dilated. This state of vasodilatation should not, however, prevent cerebral vasoconstriction, which was shown in these experiments to disappear at the same time. This would suggest that the autoregulatory mechanism can override that of O H P .
Fro. 6. Diagrammatic representation of pupillary sizes, seen as observer faces dog, with the extradural balloon always on the right side. Numbers refer to runs of air breathing, hyperbaric oxygen, and return to air breathing. Thus, during 7 runs the pupils were of normal size and remained so on both air and hyperbaric oxygen; during 13 runs there was unilateral pupillary dilatation on the side of the balloon which was reduced with hyperbaric oxygenation in 11 runs, and to normal size in 7 of these. These 20 runs of hyperbaric oxygenation were accompanied by a reduction in intracranial pressure; during the final 5 runs when no response of intracranial pressure to hyperbaric oxygen was observed, both pupils were widely and symmetrically dilated, and no change in size was seen during hyperbaric oxygenation.
Changes in Pupillary Size
The exact cause of ipsilateral pupillary dilatation in patients and experimental animals with supratentorial space-occupying lesions has been disputed. In 1939, Reid and Cone la presented evidence from experiments in monkeys to show that pupillary dilatation was due to direct pressure on the trunk of the oculomotor nerve by a transtentorial hernia of the medial portion of the temporal lobe. A later study by Jennett ~ cast some doubt on this theory; he showed that ipsilateral pupillary dilatation could occur after the temporal lobe had been removed, and, conversely, that pupillary dilatation could be reversed despite the continued pres-Hyperbaric oxygen effects on intracranial pressure ence of a transtentorial hernia.
In the present experiments, OHP caused a reduction in the size of ipsilateral dilated pupils without there being any reduction in the volume of the balloon. Since there were so few observations any explanation must be speculative, but it is possible that, regardless of whether the oculomotor nerve lesion is caused by direct pressure by herniating brain or by the petroclinoid ligament or by traction, the final common pathway is ischemic hypoxia and that this may be alleviated by oxygen at high pressure.
Cerebral Venous Oxygen Tension
In the dog there is normally considerable admixture of intra-and extracerebral blood, ~ so that care has to be taken when sampling blood from the sagittal sinus to ensure that it is of exclusively cerebral origin. The sagittal sinus should be deroofed to interrupt diploic venous channels, and blood withdrawn slowly to avoid sucking in extracerebral blood. 4 These precautions were observed in the present study; also, when ICP was increased, the pressure gradient tended to exclude extracerebral blood.
In those runs in which ICP was reduced by OHP the cerebral venous oxygen tension values, during both air breathing and OHP, were very close to the values obtained by Jacobson, et al., 5 in normal dogs, in which a 21% reduction of cerebral blood flow was observed during administration of OHP at 2 ATA. Despite a tenfold rise in arterial pO~, cerebral venous pO~ rose by only 17 mm Hg. This is accounted for mainly by the "S"-shaped configuration of the oxygen dissociation curve of hemoglobin. At the arterial end of the curve large increases in pOz can cause only a small increase in oxygen saturation, since hemoglobin is already about 97% saturated; increased oxygen content is due mainly to dissolved oxygen. At the venous portion of the curve, however, small changes in pO~ cause large changes in oxygen saturation, so that the increase of 17 mm Hg in venous pO~ seen in the present study would have resulted in a 15% increase in oxygen saturation and content, thus paralleling the rise in arterial oxygen content. A second factor limiting the increase of cerebral venous pO2 during the administration of OHP is a fall in cerebral blood flow with increased extraction of oxygen from the blood.
The higher levels of cerebral venous pO~ obtained when OHP failed to reduce ICP are difficult to explain. Since the relationship between oxygen tension, saturation, and content in the blood is greatly influenced by the pH, which was not measured in venous blood in these experiments, it is not justifiable to read too much into the results. The higher levels of cerebral venous pO2 may have been caused by increased cerebral blood flow or by reduction of cerebral oxygen uptake. Thus, although generalized cerebral hypoxia was not present at the time of measurement, it is however possible that the relative venous hyperoxia represented a state of post-hypoxic hyperemia, which has been shown to follow periods of increased ICP. TM
Summary
Increased intracranial pressure was produced in anesthetized ventilated dogs by the slow inflation of extradural balloons. Inhalation of 100% oxygen reduced the intracranial pressure, by 23 % when administered at normal atmospheric pressure, and by 37% when administered at 2 atmospheres absolute (ATA). The reduction of intracranial pressure was not accompanied by any significant change in arterial carbon dioxide tension or systemic arterial blood pressure.
Hyperbaric oxygen reduced intracranial pressure only when the cerebral circulation was still responsive to inspired carbon dioxide; at very high levels of intracranial pressure the responses to both carbon dioxide and hyperbaric oxygen were lost.
Inflation of the extradural balloon produced ipsilateral pupillary dilatation; when hyperbaric oxygen reduced intracranial pressure a reduction in the size of the dilated pupil was observed.
When intracranial pressure was no longer responsive to hyperbaric oxygen, cerebral venous oxygen tension was higher than during the responsive stage.
